Aims/hypothesis The aim of this study was to analyse whether the increased mortality rates observed in insulintreated patients with type 2 diabetes and coronary artery disease are explained by comorbidities and complications. Methods A retrospective analysis of data from two Swedish registries of type 2 diabetic patients (n012,515) undergoing coronary angiography between the years 2001 and 2009 was conducted. The association between glucose-lowering treatment and long-term mortality was studied after extensive adjustment for cardiovascular-and diabetes-related confounders. Patients were classified into four groups, according to glucose-lowering treatment: diet alone; oral therapy alone; insulin in combination with oral therapy; and insulin alone.
Introduction
Diabetes is associated with a high prevalence of coronary artery disease (CAD) and an unfavourable prognosis. Patients with diabetes have at least a doubled risk for acute myocardial infarction compared with those without diabetes, after adjustment for traditional risk factors [1] . Further, diabetes is a strong independent predictor of long-term mortality in patients with established CAD [2] , despite the use of modern revascularisation treatments [3, 4] .
Considering the detrimental cardiovascular effects of chronic hyperglycaemia, it seems reasonable to assume that strict glucose-lowering therapy is beneficial. Indeed, intensive glycaemic control in patients with newly diagnosed diabetes has been shown to improve cardiovascular outcome and survival [5] . However, randomised controlled trials have not confirmed the beneficial effect of intensive glycaemic control in patients with established diabetes and high cardiovascular risk [6] [7] [8] . A meta-analysis of five randomised trials showed that intensive compared with standard glycaemic control modestly reduced coronary events but had no significant effect on mortality [9] .
In addition to uncertainty regarding optimal glycaemic control, the preferred glucose-lowering therapy for patients with CAD remains to be clarified. In post-hoc analyses of the Diabetes Mellitus Insulin-Glucose Infusion in Acute Myocardial Infarction 2 (DIGAMI-2) trial, insulin-based treatment in patients suffering myocardial infarction was associated with increased risk of non-fatal myocardial infarction and stroke, whereas treatment with metformin was found to be more beneficial [10] . A recent report from the Swedish Coronary Angiography Angioplasty Registry (SCAAR) showed that long-term mortality after percutaneous coronary intervention (PCI) was highest among those treated with insulin [3] . Since these later data are from epidemiological analyses and not from a randomised trial of insulin, the potentially harmful cardiovascular effect of insulin warrants more thorough investigation.
We hypothesise that insulin treatment is a marker of more advanced diabetes rather than a direct cause of adverse outcome in patients with CAD. In this study we attempt to elucidate this question by merging data from two large national registries and thus incorporating important diabetes-related variables related to increased insulin use and complications.
Methods

The SCAAR
The SCAAR (www.ucr.uu.se/scaar/index.htm) collects data on all consecutive patients undergoing coronary angiography and PCI at all 29 centres that perform coronary angiography and PCI in Sweden. Data have been monitored and verified at all hospitals since 2001 by annually comparing 50 entered variables in 20 randomly selected interventions per hospital with the patients' hospital records. The overall correspondence in data during the study period was 95.2%. The registry is sponsored by the Swedish health authorities and is independent of commercial funding.
The National Diabetes Register
The Swedish National Diabetes Register (NDR) was initiated in 1996 as a tool for local quality assurance in diabetes care at a national level and has previously been described in detail [11] . It is administered from the Centre of Registers in Region Västra Götaland, Gothenburg, Sweden.
Reporting to the register is not mandatory, but all hospital diabetes outpatient clinics and primary healthcare centres are encouraged to do so. More than 260,000 patients were reported to the registry in 2009, which is estimated to be 70% of all patients with diabetes in Sweden. Annual reporting of 24 variables to the NDR is carried out by trained physicians and nurses via either the Internet or clinical records databases, with information collected during patient visits at hospital outpatient clinics and primary healthcare centres nationwide. All included patients provided informed consent to become registered before inclusion.
Present patient population and merging of data Data were merged from the SCAAR and NDR for all patients who underwent coronary angiography between 1 January 2001 and 31 December 2009. In the case of multiple registrations data were only collected from the patient's first coronary angiography during the study period. Follow-up data on mortality and any hospitalisations were obtained by merging the data with the Swedish National Population Registry and the Swedish Registry on Hospital Diagnosis up to 31 December 2009. Patients defined as having type 1 diabetes in the NDR were excluded from the present analysis. All variables from the diabetes registry were collected before the angiography event, but only patients with an HbA 1c result recorded no longer than 3 years before the angiography were included. Information on amputation and dialysis before the angiography event was obtained from the Swedish Registry on Hospital Diagnosis.
Definitions
Diabetes The epidemiological definition of type 2 diabetes used in this study was: a patient treated with diet alone or oral glucose-lowering agent alone, or age at onset of diabetes ≥40 years and treatment with insulin either alone or in combination with an oral glucose-lowering agent. The epidemiological definition of type 1 diabetes used in this study and thus for exclusion from the present analysis was: a patient treated with insulin and diabetes diagnosed before the age of 30 years. Patients with age at onset of 30-39 years and insulin treatment were excluded from this study as it was difficult to classify them epidemiologically as having type 1 diabetes, latent autoimmune diabetes of adulthood or type 2 diabetes; such patients constituted only a small proportion of all patients with diabetes.
Previous hospitalisation A new variable was created to identify a severely diseased patient who had been hospitalised for any reason at a Swedish hospital during the last 3 years before angiography. This was considered a way to identify patients with diabetes and severe disease, and in probable need of insulin because of this hospitalised illness, who were not covered by other variables in the two registries.
Laboratory analysis and recorded variables All laboratory analyses were carried out at local laboratories. The data for blood pressure, lipids, creatinine, blood glucose, weight and BMI were collected from the NDR visit before the angiography event. If missing from the NDR, data were searched for in the SCAAR. HbA 1c results were quality assured nationwide by regular calibration with the HPLC Mono-S method. In this study, all HbA 1c values were converted to the DCCT standard values using the following formula: HbA 1c (DCCT) 00.923 × HbA 1c (Mono-S) + 1.345 (R 2 0 0.998) [12] . For baseline HbA 1c we used the most recent value measured up to 3 years before the coronary angiography. HbA 1c values older than 3 years were rare and considered too old and therefore too inaccurate to relate to the coronary findings and outcome. The mean time from HbA 1c to PCI performance was 298 days (SD 258 days) and the median time with interquartile range was 221 days (99-420 days). Cumulative microalbuminuria was collected from the NDR and defined as urine albumin excretion >20 μg/min in two out of three consecutive tests.
Angiography findings The extent of coronary artery disease was classified according to the number (one, two or three, or left main) of major coronary arteries with significant luminal stenosis ≥50%.
Outcome The primary outcome was long-term mortality, defined as death from any cause during the follow-up period.
Statistical analysis
Baseline data were recorded on the day of the angiography event or taken from the last previous contact recorded in the NDR. Patients were divided into four groups according to glucose-lowering treatment at baseline: insulin alone; insulin in combination with oral therapy; oral therapy alone; and diet alone. Comparisons between the groups were made for: background characteristics; diabetes; angiography event; treatment at baseline; and outcome. Differences between groups were assessed by means of χ 2 test for categorical variables and ANOVA for continuous variables. Long-term mortality was adjusted for differences in background and angiography characteristics in a multivariable proportional Cox regression model (age, angiography indication, sex, hospital, previous myocardial infarction, previous PCI, previous coronary artery bypass graft [CABG] , previous heart failure, previous renal insufficiency and dialysis, known cancer, previous stroke, previous peripheral artery disease and amputation, hypertension, treatment of hyperlipidaemia, smoking, angiography findings, year of SCAAR registration, retinopathy, diabetes duration and HbA 1c ). The term 'previous hospitalisation' was also included in the adjustments. BMI was not included in the main multivariable model because of the large number of missing values, but a separate subgroup analysis of obese and overweight individuals was performed. Patients with missing data for a variable in the NDR were considered to be free from the complication. All known variables with possible clinical importance recorded in the SCAAR and NDR were forced into the statistical model.
Information was available for 10,952 individuals for cumulative microalbuminuria and estimated creatinine clearance (calculated by the Cockcroft-Gault formula: creatinine c l ea r a nc e ml=min ½ ¼ 140 À age f g Â ½ weight Â 1:23 Â 0:85 if female f g =creatinine ½ μmol=l) and was entered in a final multivariable proportional Cox regression model. All analyses were conducted using the SPSS statistical program (version 19.0; SPSS, Chicago, IL, USA).
Ethical considerations
All patients were informed of their participation in the SCAAR and the NDR. The merging of the registries was performed by the Centre for Epidemiology at the Swedish National Board of Health and Welfare and was approved by the local ethics committee at Gothenburg University.
Results
Between 2001 and 2009, 294,951 patients underwent coronary angiography for the evaluation of CAD and were recorded in the SCAAR. Of these patients, 18.5% had diabetes. In all, data for 14,080 patients with type 2 diabetes and a first recorded angiography were available from both registries. The mean age of the study population was 68.5 (SD 9.3) years and 62% were male. Complete data on Table 3 ). Predictors for mortality are shown in Table 2 . Evidence of myocardial damage, as heart failure, and diabetes complications, particularly renal complications, was strongly predictive. Glucose control was a weaker, but still an independent, predictor for mortality. A separate analysis was performed in the subgroup of patients with data available for estimated creatinine clearance and microalbuminuria (n010,952), thus even including adjustments for renal complications. Compared with the reference group (diet alone), treatment with insulin in combination with oral therapy (adjusted HR 1.35; 95% CI 1.15, 1.58; p<0.001) and insulin treatment alone (adjusted HR 1.23; 95% CI 1.04, 1.46; p<0.016) were associated with higher long-term mortality. Oral therapy alone did not predict long-term mortality (HR 1.04; 95% CI 0.91, 1.19; p00.578).
Subgroup analyses in patients with known BMI (n0 11,088) are shown in Table 3 . Unadjusted HRs for mortality were increased in insulin-treated patients in all BMI groups. After adjustments for other comorbidities, the association remained statistically significant in patients with BMI <30 kg/m 2 but not in the obese patients (BMI >30 kg/m 2 ). However, when BMI was entered into the multivariable model for those with known BMI, this factor was not found to be an independent predictor of mortality (HR 1.00; 95% CI 0.99, 1.01).
Discussion
In this register-based retrospective cohort study with extensively recorded cardiovascular-and diabetes-related risk variables, insulin treatment with or without oral glucoselowering therapy was associated with higher long-term mortality in patients with diabetes undergoing coronary angiography. Patients treated with insulin alone had the highest mortality rate, with 8.4% mortality after 6 months and 28.14% after a mean of 4.14 years. These patients were also shown to have more complications but, after extensive adjustments for potential confounders, treatment with insulin remained an independent predictor for mortality. In patients treated with insulin in combination with oral glucose-lowering drugs, absolute mortality rates were lower and these patients less commonly had complications compared with patients using insulin alone. Despite this, combined treatment was even more strongly related to mortality after adjusting for confounders in comparison with diet or oral glucose-lowering treatment alone. These findings are in agreement with results from registry studies and subgroup analyses of clinical trials that have raised concerns about the possibly harmful effects of exogenous insulin treatment in patients with CAD [3, 13, 14] . In the Euro Heart Survey on Diabetes and the Heart, insulin treatment was associated with roughly doubled adjusted 1 year mortality risk compared with oral glucose-lowering treatment [13] . An analysis of data from SCAAR showed a higher long-term mortality rate after first PCI in patients with diabetes compared with those without. Moreover, the mortality risk was higher for insulin-treated than for noninsulin-treated diabetes (adjusted RR 2.03, 95% CI 1.8, 2.28 and 1.45, 95% CI 1.28, 1.64, respectively) [3] . The DIGAMI-2 trial studied different glucose-lowering modalities in patients with diabetes and acute myocardial infarction and showed no differences in mortality or glucose control between the randomised treatment arms [15] . A post hoc analysis of data from the DIGAMI-2 trial revealed that the risk of a non-fatal cardiovascular event was higher in patients treated with insulin (adjusted HR 1.71; 95% CI 1.25, 2.35; p00.0008). It is noteworthy that this relationship between insulin and cardiovascular events tended to be strongest among those patients who, according to the study protocol, were randomised to insulin-based treatment (HR 2.07; 95% CI 1.37, 3.14; p00.0006) [10] . There are several possible explanations for the present finding. Whether the insulin directly contributes to the worse prognosis, or whether treatment is just a marker of more advanced diabetes, has been debated. Several potentially harmful effects of insulin have been identified. In a number of studies hypoglycaemia has been associated with worse outcome in patients with myocardial infarction [16] [17] [18] [19] . However, hypoglycaemia in patients given insulin has not been shown to predict poor prognosis in this patient population [20, 21] . Further, insulin has been shown to be associated with endothelial dysfunction [22] and it is known that patients treated with insulin often have reduced responsiveness to antiplatelet treatment [23] . Whether platelet dysfunction in these patients is a result of insulin treatment, insulin resistance or both, is not clear. Weight gain is another problem related to insulin treatment. However, we did not find an increased mortality risk in obese patients treated with insulin after adjusting for other risk factors, whereas the risk increase remained in the insulin-treated non-obese patients, even after adjustment for other risk factors. Nor was BMI an independent predictor for mortality in the adjusted model that included patients with recorded BMI.
It is important to note that the present study is based on an analysis of observational data and therefore we cannot rule out residual confounding-that differences between groups other than those recorded at baseline may have influenced the results. Extensive adjustments for measured confounders were possible by merging the two registries, where one focused on diabetes variables and the other on cardiovascular variables, thus, to a large extent, limiting the confounding effects of diabetes severity and cardiovascular disease. By excluding patients with type 1 diabetes, the cohort receiving insulin treatment were even less confounded than previously reported registry data. Indeed, insulintreated patients had substantially higher unadjusted mortality risk, which became weaker after multiple adjustments, indicating that a large part of the excess risk can be explained by comorbidities and complications. However, after extensive adjustments the excess risk still remained and was at about the same level as in the combination treatment group, as clearly shown in Fig. 1b . Further adjustments for creatinine clearance and microalbuminuria did not further attenuate the risk.
To date, no randomised controlled trial testing different glucose-lowering regimens in patients with CAD have convincingly demonstrated insulin-based therapy to be inferior to non-insulin-based therapy. The Bypass Angioplasty Revascularization Investigation 2 Diabetes trial randomised 2,368 patients with type 2 diabetes and CAD to either prompt revascularisation or intensive medical therapy alone; and to either insulin-provision or insulin-sensitisation therapy. Insulin provision and insulin sensitisation had similar 5 year mortality rates, 12.1% and 11.8%, respectively (p0 0.89). Also, the rates of major cardiovascular events did not differ significantly among the groups [24] . However, these data are somewhat difficult to interpret with respect to the safety of insulin treatment, as almost 30% of the patients in the insulin-sensitisation arm were treated with insulin. A randomised trial of insulin treatment in patients with CAD is needed to solve the safety aspects of insulin in these patients and the ongoing Outcome Reduction With Initial Glargine Intervention trial may provide further information on this topic [25] . Apart from the impact of glucose-lowering treatment, the present report confirms that previous well-known risk factors for mortality, such as smoking, myocardial damage, severity of coronary disease and renal complications, are strong risk factors in patients with diabetes. Clinical information on glucose-lowering therapy can now be added to this information-cardiologists and diabetologists should be aware that patients with CAD and type 2 diabetes treated with insulin are high-risk individuals, such that at only 4.1 years after an angiography, regardless of indication, 28% of individuals in our analysis had died.
Limitations
The present report is based on retrospective registry analysis and although substantial adjustments were made for potentially confounding variables, the effect of unidentified confounders cannot be excluded. However, adjustment was made for variables often related to insulin use, such as high HbA 1c , long diabetes duration and retinopathy, as well as previous cardiovascular disease, such as heart failure. Some data from participating centres may vary slightly in accuracy, but variables on diabetes complications and angiography findings have been shown to be robust. Using an epidemiological definition of type 1 diabetes, we cannot exclude that some patients with type 1 diabetes were included in the cohort, particularly in the insulin-treated group. However, we consider that few patients with type 1 diabetes were included. About 5% of the CAD population are judged to have type 1 diabetes [26] . No information on treatment after angiography was available and the impact of changed diabetes treatment and other secondary preventive treatments after angiography could have influenced the results. On the other hand, it is less likely that patients receiving insulin treatment stopped this treatment and, regarding secondary prevention in CAD, a majority of patients with diabetes mellitus receive treatment according to guidelines in Sweden [27] . No information on objective signs of heart failure (e.g. left ventricular ejection fraction) was available in the two registries. However, adjustments were made for hypertension, previous hospitalisation for heart failure and previous myocardial infarction, revascularisation and extent of CAD, which are well-known risk factors for myocardial dysfunction.
In conclusion, patients with type 2 diabetes treated with insulin, either alone or in combination with oral glucoselowering drugs, are at increased risk for mortality after coronary angiography. This can, at least to a large extent, be explained by comorbidities and diabetes complications, but we cannot exclude the possibility that exogenous insulin might be unfavourable in these patients. As this is not a randomised trial, and despite our extensive efforts to adjust for important comorbidities, the results could still be explained by residual confounding. Further research on the effect of insulin treatment in patients with type 2 diabetes and CAD is needed to clarify this question.
